AD-A107  597  ROCKWELL  INTERNATIONAL  THOUSAND  OAKS  CA  ELECTRONICS— ETC  F/G  20/7 

HIGH  RESISTIVITY  MOLECULAR  BEAM  EPITAXIAL  ALGAAS  FOR  DEVICE  APP— ETC(U) 
MAY  81  W  A  HILL*  D  L  MILLER*  D  R  CH'EN  N00014-78-C-0370 

UNCLASSIFIED  ERC41006.4FR  NL 


ADA107597 


!  r*.  fr¬ 


et 


CTC41006  4FR 
COPY  NO..  _25_ 


HIGH  RESISTIVITY  MOLECULAR  BEAM  EPITAXIAL  AIGaAs 
FOR  DEVICE  APPLICATIONS 


FINAL  REPORT  FOR  THE  PERIOD 
May  1,  1978  through  April  30, 1980 


Ep 

Ep 

% 

lA- 


GENERAL  ORDER  NO.  41006 
CONTRACT  NO.  N00014-78-C-0370 


Prepared  for 


Director,  Electronic  &  Solid  State  Sciences  Program 
Physical  Sciences  Division 
Office  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  V A  22217 


MOV  2  3  1981 


MAY  1981 


Reproduction,  in  whole  or  in  part,  is  permitted 
for  any  purpose  of  the  U.S.  Government 


Approved  for  public  release;  distribution  unlimited 


* 


Rockwell  International 


81  11 


iU  068 


UNCLASSIFIED 


StCuftlTV  CLASSIFICATION  of  this  PaOE  (Whom  Dim  Bmiorad) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

1.  REPORT  NUMBER 

2.  GOVT  ACCESSION  NO. 

_ 

*•  RECIPIENT’*  CATALOG  NUMBER 

4.  TITLE  fan*  Mtlllt) 

High  Resistivity  Molecular  Beam  Epitaxial 

AlGaAs  for  Device  Applications 

S  TYPE  OF  REPORT  *  PERIOD  COVERED 

Final  Report 

05/01/78  through  04/30/80 

4  performing  org  report  numrer 

ERC41006.4FR 

y.  AuTno«r»,i 

W.A.  Hill  ,D.L.  Miller,  and  D.R.  Ch'en 

9.  CONTRACT  on  GNANT  NUMBEAfsj 

N00014-73-C-0370 

».  PERFORMING  ORGANIZATION  NAME  ano  ADDRESS 

Rockwell  International  Microelectronics  Research 
and  Development  Center 

1049  Camino  dos  Rios,  Thousand  Oaks,  CA  91360 

IO  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  4  PORK  UNIT  NUMRERS 

PE  62762N 

RF62-581-001 

NR  251-032 

II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Director,  Electronic  &  Solid  State  Sciences  Pgm. 
Office  of  Naval  Research,  Physical  Sciences  Div. 
800  N.  Quincy  St.,  Arlinqton,  VA  22217 

12.  NEPONT  DATE 

May  1981 

IS  NUMBER  OF  PAGES 

-5Q"~ 

14  MONITORING  AGENCY  NAME  4  AOORESSlil  dilttrmtl  trttm  Conttolllnt  Olhrd) 

IS  SECURITY  CLASS,  (a!  lAia  r.ponj 

Unclassified 

ISa.  DECL  ASSl  Fl  CATION 'OOPN  OR  AOING 
SCHEDULE 

IS.  DISTRIBUTION  STATEMENT  (of  thfa  /Import) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  fha  abstract  antarad  In  Block  20.  it  dlflarant  from  Raport) 


*•  SUPPLEMENTARY  NOTES 


19-  KEY  WORDS  (Continue  on  raroraa  aidm  ll  nacaaaary  and  Idonttfy  by  block  numbar) 

Molecular  beam  epitaxy  (MBE) ,  heterojunction,  heterostructure.  Aluminum 
Gallium  Arsenide  (AlGaAs) ,  GaAs  field  effect  transistor  (GaAs  FET) 


ABSTRACT  ^Continuo  "anrovorao  at  da  if  nacaatary  and  Idantify  by  " 

""High  resistivity  epitaxial  layers  of  ATxGaj.xAs  have  been  produced  by 
molecular  beam  epitaxy.  These  layers  have  been  incorporated,  as  a  buffer 
layer,  in  the  fabrication  of  GaAs  MESFETs  and  the  results  are  discussed. 
Device  analysis  includes  an  assortment  of  low  frequency  and  DC  measurements 
as  well  as  RF  measurements. 


DO  |  1473  EDITION  OF  1  NOV  •»  IS  OBSOLETE 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  of  This  PAGE  fRtian  D tit  Ent.r.dt 


1.0  INTRODUCTION .  1 

2.0  TECHNICAL  DISCUSSION .  2 

2.1  Molecular  Beam  Growth  Technology  for  Transistor 

Applications .  2 

2.1.1  Basic  Structures  Grown .  2 

2.1.2  Techniques  for  Achieving  1)  Abrupt  Impurity 
Profiles,  2)  High-Resistivity  AlGaAs,  3)  Other 

Things  Related  to  Growths  and  Program .  2 

2.2  Heterostructure  Field  Effect  Transistors..... .  10 

2.2.1  Theory  of  Operation .  10 

2.2.2  Analysis  Techniques .  11 

3.0  CHARACTERIZATION  AND  RESULTS .  23 

3.1  Material  Results .  23 

3.1.1  Sn  Predeposition . 23 

3.1.2  Deep  Levels  in  AlGaAs .  23 

3.1.3  MIS  Structures  by  MBE .  29 

3.2  Device  Results  and  Performance .  32 

3.2.1  Device  Fabrication .  32 

3.2.2  Low  Frequency  Device  Analysis .  38 

3.2.3  RF  Performance .  43 


Rockwell  International 


Fig.  1 
Fig.  2 

Fig.  3 
Fig.  4 
Fig.  5 
Fig.  6 
Fig.  7 
Fig.  8 
Fig.  9 

Fig.  10 
Fig.  11 
Fig.  12 
Fig.  13 
Fig.  14 
Fig.  15 
Fig.  16 
Fig.  17 
Fig.  18 
Fig.  19 


Li 51  OK  FIGURES 


ERC41006.4FR 


£5Si 


Comparison  of  n-GaAs  on  (a)  S.I.  AlGaAs  and  (b)  S.I.  GaAs .  12 

Comparison  of  n-GaAs  on  (a)  S.I.  AlGaAs  and  (b)  S.I.  GaAs 

under  conditions  of  static  reverse  bias .  13 

High-frequency  equivalent  circuit  of  an  FET .  15 

Ohmic  contact  resistance  measurement .  16 

Test  set  for  measurement  of  FET  admittance .  18 

Noise  figure  and  gain  test  set .  21 

C-V  profile  of  Sn  predeposition . . .  25 

PITS  spectrum  of  MBE  AlGaAs .  26 

Comparison  of  Free  Carrier  Concentration  and  Metallurgical 
Thickness  for  MBE  GaAs .  28 

Schematic  of  MIS  structure .  31 

C-V  of  MIS  structure  (dark) .  32 

C-V,  G-V  of  MIS  structure  (light) .  34 

Carrier  confinement  field  effect  transistors .  36 

Characterization  test  pattern .  37 

I -V  of  MBE  FET  featuring  current  fluctuation .  39 

Ohmic  contact  resistance  of  MBE  GaAs  on  AlGaAs .  40 

Drift  mobility  test  set  data .  41 

Drift  mobility  of  an  Ion-implanted  layer .  42 

I-V  comparison  of  MBE  layers .  44 


111 

C/2632A/cb 


1.0  INTRODUCTION 


Rockwell  Internatioj 


ERC41006.4FR 


GaAs  FET  technology  has  reached  a  status  where  conventional  devices 
are  in  production*  and  new  material  approaches  are  being  investigated  for 
potentially  higher  performance  devices.  The  current  confinement  properties  of 
an  epitaxial  heterostructure  layer  is  one  such  approach.  Reduced  noise 
figures  and  higher  operating  frequencies  are  envisaged  for  devices  where  the 
conduction  channel  is  controlled  both  from  the  active  layer  surface  and  the 
active  layer-buffer  layer  interface.  Molecular  beam  epitaxy  Is  an  attractive 
technology  where  thin,  highly  doped  compound  semiconductors  can  be  grown.  The 
heterostructure  layers  considered  in  this  research  project  are  n-type  GaAs  on 
high  resistivity  AlGaAs  buffer  layers.  Rockwell  International  Electronics 
Research  Center,  Thousand  Oaks,  has  long  been  involved  in  the  fabrication  and 
characterization  of  GaAs  microwave  transistors.^  Progress  in  this  technology 
has  produced  a  well  established  one  micrometer  gate  length  device.  It  is  this 
transistor  structure  which  has  been  used  to  gather  device  results  for  MBE 
layers  grown  for  this  program. 

Section  2.0  begins  with  a  discussion  of  molecular  beam  epitaxy  growth 
techniques  for  high  performance  device  applications.  This  section  continues 
with  a  discussion  of  low  noise  FET  analyses  used  for  device  characterization 
and  evaluation.  Section  3.0  presents  the  experimental  results  and  their 
interpretations.  A  summary  of  the  results  is  given  in  Section  4.0. 
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2 . 1  Molecular  Beam  Growth  Technology  for  Transistor  Application 

The  research  conducted  using  molecular  beam  epitaxy  (MBE)  techniques 
for  this  contract  can  be  divided  into  two  broad  categories:  (1)  investigation 
of  GaAs  and  AlGaAs  epi layer  properties  to  determine  their  suitability  for  high 
frequency  device  applications,  and  (2)  preparation  of  wafers  suitable  for 
tests  of  MIS  structures  and  AlGaAs  buffer  FET  structures.  Under  (1),  undoped 
and  doped  n-type  GaAs  with  Ge  and  Sn  were  grown  to  determine  background  impur¬ 
ity  content  and  mobilities  at  doping  levels  suitable  for  FET  active  layers. 
AlGaAs  has  been  grown,  undop^d,  under  our  standard  UHV  conditions,  in  the 
presence  of  an  0£  ambient,  and  with  a  H£  ambient,  to  determine  the  deep  level 
content  and  resistivity  of  this  material  for  insulating  layers  in  MIS  struc¬ 
tures  or  as  a  buffer  layer  for  a  Schottky  gate  MESFET  structure.  Under  (2), 
several  MIS  structures  using  semi-insulating  or  oxidized  AlGaAs  layers,  and  a 
number  of  AlGaAs-buffer  layers  were  grown  for  FET  fabrication. 

2.1.1  Basic  Structures  Grown 

A  list  of  the  layers  grown  specifically  for  this  project  is  given  in 
Table  1.  Knowledge  gained  in  the  growth  of  MBE  material  through  other  pro¬ 
jects  were  useful  in  determining  doping  parameters,  growth  rates,  etc.  Many 
layers  grown  in  general  (not  specifically  earmarked  for  any  project)  to  cali¬ 
brate  dopant  source  performance,  background  doping,  and  other  MBE  system 
parameters  are  not  included  in  this  list. 

2.1.2  Growth  Techniques  for  Device  Applications 

In  order  to  produce  FET  devices  with  useful  characteristics,  several 
critical  parameters  must  be  optimized.  The  epilayer  thickness  and  doping 
density  must  be  selected  so  that  active  layer  pinch-off  is  achieved  before 
gate  current  becomes  large.  Therefore,  a  doping  density  of  1-2  x  10  /cm  and 
active  layer  thickness  of  about  30005  were  chosen.  Tests  were  made  on  each 
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■-^er 

Composition 

(um) 

Thickness 

Doping 

Comments 

106 

GaAs 

1.7 

— 

Background  calibration 

108 

GaAs 

2.8 

— 

Background  calibration 

no 

GaAs 

3.6 

— 

Background  calibration 

111 

GaAs 

2.3 

— 

Background  calibration 

112 

A10.15Ga0.85As 

— 

For  p,  SIMS 

113 

A10.3Ga0.7As 

— 

For  p.  SIMS 

114 

GaAs 

1.7 

— 

Background  calibration 

1198 

GaAs 

2.0 

— 

PITS  sample 

137 

A10.09Ga0.91As 

— 

For  p,  SIMS 

138 

A10.11Ga0.89As 

— 

For  p,  SIMS 

208 

A10.17Ga0.83As 

2.000 

— 

3  active  layer  thicknesses 

uaAs 

0.350 

Ge 

GaAs 

0.100 

Ge 

GaAs 

0.100 

Ge 

209 

A10.23Ga0.77As 

2.000 

GaAs 

0.270 

Ge 

*210 

A^0.3Ga0.7As 

2.000 

_ 

Growth  In  10"6  torr  H2 

GaAs 

0.250 

Ge 

GaAs 

0.100 

Ge 

GaAs 

0.100 

Ge 

211 

A10.29Ga0.71As 

2.300 

— 

Growth  In  10-6  torr  H2 

212 

A^0.3Ga0.7As 

2.000 

~  - - 

Growth  in  5  x  10"7  torr  02 

U  GaAs  / 

0.250 

Ge 

3  active  layer  thicknesses 

GaAs 

0.100 

Ge 

GaAs 

0.100 

Ge 

*213 

A10.3Ga0.7As 

2.000 

.... 

Growth  in  5  x  10-7  torr  02 

GaAs 

0.350 

Ge 
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Layer 

Composition 
( ym) 

Thickness 

Doping 

Comments 

*261 

Al0  4^a0  6As 

1.000 

Growth  in  10-G  torr  Op 

GaAs 

0.250- 

Bkgnd 

Graded  active  layer  thickness 

0.350 

~1017/cm3 

262 

A^0.40Ga0 ,60As 

1.000 

-  _ 

Growth  in  10"6  torr  0g 

A10.05Ga0  95As 

0.044 

— 

Graded  buffer-active  interface 

GaAs 

0.250- 

Bkgnd 

Graded  Active  layer 

0.350 

10 1 7/cm3 

*283 

GaAs 

0.500 

— 

No  Op  background 

A10  30Ga0  70As 

1.350 

— 

Sn  predeposition  to  tailor 

0.005 

Sn 

doping  profile 

Sn/As 

Sn  predeposition 

GaAs 

0.250 

Sn 

*284 

GaAs 

0.500 

— 

Op  background  during  AlGaAs 

A10.2QGa0.80As 

1.000 

— 

growth 

GaAs 

0.005 

Sn 

Sn/As 

Sn  predeposition 

GaAs 

0.250 

*285 

GaAs 

0.500 

— 

No  Op  background 

A10.36Ga0.64As 

1.000 

— 

0.005 

Sn/As 

Sn  predeposition 

GaAs 

0.250 

— 

*286 

GaAs 

0.500 

— 

Op  background  during  AlGaAs 

A10.4QGa0.60As 

1.000 

— 

growth 

GaAs 

0.005 

— 

Higher  A1  content 

Sn/As 

Sn  predeposition 

GaAs 

0.250 

- - 

*287 

GaAs 

0.005 

_ 

Sn  predeposition  with  As  flux 

Sn/As 

Sn  predeposition 

Growth  directly  on  S.I.  GaAs, 

GaAs 

0.250 

— 

for  comparison 

302 

GaAs 

1.000 

Sn 

MIS  structure,  graded  GaAs- 

A^0.0Ga0.3As 

0.050 

— 

AlGaAs  interface 

A,0.50Ga0.50As 

0.200 

— 

In  situ  metallization 

AT 

0.200 

— 

303 

GaAs 

1.000 

Sn 

MIS  structure 

Al0  2Gai  qAs 

0.050 

— 

AlAs  oxidized  at  200°C  in 

AlAs 

0.200 

— 

pure  Op 
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Leyer 

Compos Iti on 
( wm ) 

Thickness  Doping 

Comments 

319 

GaAs 

A10.5Ga0.0As 

1.000 

0.050 

— 

MIS  structure 

Graded  AlAs  thickness 

AlAs 

0.050- 

0.500 

Graded 

AlAs  oxidized  at  250°C  in  02 

342 

GaAs 

0.500 

342-360:  series  of  Aln  i;Gan  i^As 

A10.5QGa0.50As 

1.000 

— 

buffer  runs  with  attempt  to* 

GaAs 

Sn/As 

0.005 

Sn  predeposition 

optimize  active  layer  thickness 
and  doping.  Several  substrate 

GaAs 

0.300 

Sn 

temperatures  used  during  growth 
A1Q.5Ga0  gAs  to  Investigate 
effect  of  growth  temperature  on 
deep  levels 

343 

GaAs 

A10.5gGa0.50As 

Sn/As 

GaAs 

0.500 

1.000 

0.005 

0.300 

Sn  predeposition 

Sn 

351 

GaAs 

A10.50Ga0.50As 

Sn/As 

GaAs 

0.500 

1.000 

0.250 

Sn  predeposition 

Sn 

352 

GaAs 

A10.50Ga0.50As 

Sn/As 

GaAs 

0.500 

1.000 

0.250 

Sn  predeposition 

Sn 

353  GaAs  0.500 

GaAs  0.166 

A10.50Ga0.50As  1,000 

GaAs  0.005 

Sn/As 

GaAs  0.250 

354  GaAs  0.500 

GaAs  0.166 

A10.50Ga0.50As  1,000 

GaAs  0.010 

Sn/As  Sn  predeposition 

GaAs  0.350  Sn 

GaAs  0.650  Sn 

{n+  only) 


Sn  predeposition 
Sn 
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Composition  Thickness  Doping 
(um) 


355  GaAs 

Al°‘58aAs'5°AS 

Sn/As 

GaAs 

GaAs 

356  GaAs 

A1°*5fe'5°AS 

Sn/As 

GaAs 

*357  GaAs 

A10.5QGa0.50As 

GaAs 

Sn/As 

GaAs 

*358  GaAs 

A1°.5gGJ0.50As 

Sn/As 

GaAs 

*359  GaAs 

A1°.5gGa0.5°As 

Sn/As 

GaAs 

*360  GaAs 

A1°,58aAs'5°AS 

Sn/As 

GaAs 

GaAs 

GaAs 

Sn/As 

389  GaAs 

A10.5QGa0.50As 

GaAs 

GaAs 

GaAs 


0.500 

— 

1.250 

— 

0.010 

Sn  predeposition 

0.150 

Sn 

0.150 
(n+  only) 

Sn 

0.500 

_ 

1.000 

— 

0.010 

Sn  predeposition 

0.350 

Sn 

0.500 

_ 

1.000 

— 

0.010 

Sn  predeposition 

0.350 

Sn 

0.500 

_ 

1.000 

— 

0.010 

Sn  predeposition 

0.350 

Sn 

0.500 

_ 

1.000 

— 

0.010 

Sn  predeposition 

0.350 

Sn 

0.500 

—  _ 

1.000 

— 

0.010 

Sn  predeposition 

0.350 

Sn 

0.050 

Sn 

0.005 

Sn 

1.000 

0.200 

— 

0.005 

— 

0.250 

— 

0.500 

— 

_ ERC41006.4FR 

Comments 


n+  contact  layer  added 


n++  contact  layer  added 


Check  of  no  predeposition 
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.■r 

Compos i tion 
(uml 

Thickness 

;  Doping 

Comments 

*421 

A10.5gGa0.50As 

Sn/As 

GaAs 

2.000 

0.010 

0.300 

Sn  predeposition 
Sn 

Growths  421-424  had  undoped 
AlQ.jGan  ,cAs  buffer  layers 
grown  at’o40°C,  no  underlying 
M6E  GaAs  layer t  and  doping  pro¬ 
files  optimized  by  Sn  pre¬ 
deposition 

*422 

m0.5^0.50As 

Sn/As 

GaAs 

2.0QQ 

0.010 

0.250 

Sn  predeposition 
Sn 

*423 

a10.5Pg®0.50As 

Sn/As 

GaAs 

2.000 

0.010 

0.250 

Sn  predeposition 
Sn 

*424 

A10.50Ga0.50As 

Al0.50Ga0.50As 

GaAs 

Sn/As 

GaAs 

1.000 

1.000 

0,010 

0.250 

Sn  predeposition 
Sn 

Slices  used  for  device  fabrication 
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fer  to  insure  that  complete  pinch-off  occurred  at  3-5  volts  applied  bias. 

For  better  device  linearity,  doping  profiles  were  adjusted  so  that  the  carrier 
concentration  was  slightly  higher  near  the  active  layer-buffer  interface, 
decreasing  nearly  linearly  toward  the  wafer  surface. 

One  of  the  most  important  considerations  is  the  saturated  drift 
velocity  of  carriers  in  the  active  layer  near  the  active  layer-buffer  inter¬ 
face.  This  will  be  influenced  by  the  doping  in  the  active  layer,  the  mobility 
in  the  active  layer,  and  the  extent  to  which  energetic  carriers  in  the  GaAs 
active  layer  interact  with  deep  levels  in  the  AlGaAs  buffer.  In  general,  it 
is  important  to  achieve  the  highest  mobility  possible  near  this  interface,  and 
use  AlGaAs  with  the  lowest  possible  density  of  deep  levels,  traps,  etc. 

The  choice  of  n-type  dopant  for  the  GaAs  active  layer  was  influenced 
by  the  desire  to  obtain  an  appropriate  abrupt  profile  at  the  active  layer- 
buffer  interface.  The  n-type  dopants  available  to  us  during  this  project  were 
Ge  and  Sn.  SnTe  was  also  introduced  into  the  MBE  chamber  for  use  as  an  n-type 
dopant,  but  was  removed  and  never  actively  used  because  of  a  coincidental 
abrupt  increase  in  n-type  background  doping  (later  determined  to  have  been 
most  probably  due  to  Ge,  not  the  SnTe).  Sn  doping  yields  high  n-type  mobili¬ 
ties  and  is  not  sensitive  to  the  details  of  MBE  growth,  such  as  As/Ga  ratio. 
However,  Sn  doping  suffers  from  a  surface  segregation  phenomenon  which  makes 
abrupt  changes  in  doping  level  difficult  to  achieve.  Therefore,  initial 
experiments  were  done  with  Ge  doping  (Table  1,  208  to  262).  Ge  produces 
n-type  GaAs  under  the  usual  As-rich  MBE  growth  conditions,  and  can  be  used  to 
create  extremely  abrupt  junctions.  However,  Ge  is  amphoteric,  and  the  degree 
of  compensation  of  a  Ge-doped  MBE  epilayer  therefore  depends  on  growth  details 
such  as  substrate  temperature  and  the  ratio  of  As  flux  to  Ga  flux.  Extremely 
high  As/Ga  ratios  must  be  used  to  reduce  compensation  in  n-type  material,  and 
the  resulting  mobilities  are  generally  lower  than  those  obtained  using  Sn. 
Therefore,  although  abrupt  profiles  could  be  obtained  with  Ge,  it  was  soon 
abandoned  because  of  difficulties  in  obtaining  reproducibly  high  mobilities. 


8 

C/2632A/cb 


Rockwell  International 


ERC41006.4FR 

The  method  used  to  obtain  abrupt  profiles  with  Sn  doping  was  to  build 
up  a  surface  accumulation  of  Sn  prior  to  growth  of  the  active  layer.  This  Sn 
then  will  ride  along  on  or  near  the  growing  GaAs  surface  and  will  be  incor¬ 
porated  into  the  growing  layer  at  a  rate  determined  by  substrate  temperature, 
growth  rate,  and  Sn  surface  coverage.  This  is  a  well-known  MBE  process  and 
has  been  discussed  extensively  by  Wood.  By  choosing  an  appropriate  Sn  pre¬ 
deposition  flux  and  time,  it  was  possible  to  tailor  the  doping  profile  of  the 
active  layer  (Table  1,  283-287,  342-360,  421-424).  Results  obtained  by  this 
method  are  discussed  in  Section  3.1.  Since  the  surface  of  AlGaAs  is  much  more 
reactive  than  that  of  GaAs,  in  general  the  AlGaAs  buffer  layers  were  covered 
with  505  of  epitaxial  GaAs  before  beginning  the  10  min  to  20  min  Sn  predeposi¬ 
tions.  Typically,  the  As  flux  used  during  GaAs  growth  remained  on  during  the 
Sn  predeposition,  with  the  Ga  source  being  shuttered  off. 

Growth  of  high  quality  AlGaAs  by  MBE  requires  a  good  deal  of  effort 
and  is  not  completely  understood.  Neither  is  the  role  of  oxygen  in  semi- 
insulating  AlGaAs  well  understood.  Our  approach  to  growth  of  buffer  layers 
was  to  attempt  to  grow  the  highest  purity  AlGaAs  possible  at  the  time,  then  to 
add  O2  (or  ^1  to  look  for  differences  in  the  material  behavior.  The  MBE 
chamber  vacuum  background  composition,  A1  and  Ga  source  designs,  and  A1  start¬ 
ing  material  all  can  affect  the  AlGaAs  quality.  Improvements  were  made  in  all 
these  areas  over  the  course  of  the  experiment.  A  10°K  cryogenic  pump  was 
added  to  the  MBE  chamber  to  pump  background  gasses,  particularly  CO.  This 
pump  was  also  useful  in  pumping  out  0^  or  Hg  admitted  to  the  growth  chambers 
purposely.  Sources  were  redesigned  to  minimize  the  possibility  that  contami¬ 
nants  originating  on  the  hot  heater  windings  could  impinge  on  the  substrate. 
Starting  material  handling  and  source  degassing  procedures  were  also  improved 
to  decrease  the  possibility  of  contamination. 

In  addition  to  vacuum  and  source  considerations,  the  growth  condi¬ 
tions  to  AlGaAs  can  have  large  effects  on  material  quality.  For  growth  of  the 
best  MBE  AlGaAs  laser  material,  substrate  temperatures  of  640°C  and  above  have 
been  used  in  conjunction  with  relatively  low  As/Ga  ratios.  Therefore,  in  the 
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-  stages  of  this  program  we  grew  many  of  the  AlGaAs  buffer  layers  at  or 
near  640°C.  The  combination  of  the  improved  vacuum,  redesigned  sources  and 
improved  growth  procedures  resulted  in  dramatic  increases  in  mobilities  of 
n-type  AlGaAs.  Undoped  AlGaAs  remained  semi-insulating,  however.  The  addi¬ 
tion  of  H2  to  the  growth  chamber  had  no  measurable  effect  on  the  AlGaAs 
properties. 

2.2  Heterostructure  Field  Effect  Transistors 

The  concept  of  a  heterostructure  interface  between  an  active  layer 
and  a  buffer  layer  can  have  very  promising  properties  when  related  to  the  per¬ 
formance  of  depletion  mode,  field  effect  devices.  Because  of  the  heterostruc¬ 
ture  nature  at  an  interface,  the  wide  bandgap  buffer  layer  can  partially 
deplete  the  narrower  bandgap  active  layer  and  produce  carrier  confinement  in 
the  active  layer  away  from  the  interface.  This  is  the  case  for  an  AlGaAs 
buffer  layer  onto  which  a  GaAs  active  layer  is  grown  although  the  details  of 
the  interface  suggest  certain  limitations  on  the  degree  of  carrier  confinement 
and  the  subsequent  performance  advantage  of  this  material  system. 

2.2.1  Theory  of  Operation 

Since  AlxGaj_xAs  has  a  larger  bandgap  than  does  GaAs,  it  is  antici¬ 
pated  that  if  the  Fermi  level  can  be  pinned  at  mid-gap,  either  by  introducing 
deep  impurity  levels  or  by  growing  "intrinsic"  material,  the  room  temperature 
resistivity  of  Al>,Ga1_xAs  should  exceed  that  of  semi-insulating  GaAs.  Because 
of  the  good  lattice  match  between  GaAs  and  AlxGa^_xAs  one  does  not  anticipate 
any  significant  density  of  interface  states  in  this  system  as  theoretical 
calculations  by  Schulman  and  McGill^  and  by  Pickett,  Louie  and  Cohen^  have 
confirmed.  Therefore,  interface  states  are  not  expected  to  pin  the  Fermi 
level  at  mid-gap.  The  energy  gap  discontinuity  AEg  between  AlxGa^_xAs  and 
GaAs  is  distributed  at  the  interface  partly  in  the  valance  band  AEy  and  partly 
in  the  conduction  band  aEc  so  that  AEg  =  AEy  +  aEc.  For  x  =  0.2  to  0.5, 
aEv  =  0.15  AEg  and  aEc  =  0.85  AEg  where  AEg  is  the  discontinuity  in  the  direct 


10 

C/2632A/cb 


Rockwell  International 


ERC41006.4FR 

:idgaps^’7  This  discontinuity  is  caused  by  the  natural  tendency  for  the 
transition  of  the  electron  affinities,  *,  of  both  materials  to  be  continuous 

Q 

across  the  Interface.  The  presence  of  such  band  discontinuities  can  lead  to 
carrier  confinement  in  either  or  both  of  the  materials  of  the  heterojunction. 

The  major  effort  of  this  project  is  to  study  the  device  characteris¬ 
tics  and  advantages,  if  any,  of  the  wide  bandgap,  semi- insulating  AlGaAs  to 
n-type  GaAs  heterostructure.  In  Fig.  1  the  energy  band  diagrams  of  both 
n-GaAs  on  S. I. -AlGaAs  and  n-GaAs  on  S. I. -GaAs  are  shown  under  conditions  of 
thermal  equilibrium.  It  can  be  seen  that  although  AlGaAs  has  a  wider  bandgap 
than  GaAs,  the  structure  on  semi-insulating  GaAs  Introduces  a  somewhat  larger 
self-depletion  width  into  the  active  layer  than  that  of  the  AlGaAs  buffer 
layer.  The  Debye  length  for  free  carriers  in  GaAs  (n  =  1.5  x  101'  cm"J)  is 
approximately  160A. 

The  question  to  be  investigated  is  the  effect  of  the  Interface  under 
operational  conditions.  As  the  Schottky  gate  is  pulled  to  a  negative  poten¬ 
tial,  electrons  are  depleted  and  the  remaining  carriers  are  confined  somewhere 
away  from  both  the  surface  and  the  interface  in  both  cases  (Fig.  2).  Ener¬ 
getic  electrons  which  reach  the  interface  are  in  some  sense  eventually 
scattered  back  into  the  channel.  The  anticipated  advantage  of  the  AlGaAs 
buffer  layer  is  that  the  abrupt  potential  barrier  will  significantly  reduce 
the  number  of  carriers  which  penetrate  into  the  semi-insulating  region  and 
subsequently  re-enter  the  channel  with  a  phase  delay. 

The  practical  trade-offs  to  be  encountered  are  the  relative  trap 
densities  at  the  interface  for  the  two  structures  and,  for  carriers  which 
enter  the  semi-insulating  region,  the  effect  on  phase  delay  related  to  the 
degraded  mobility  in  AlGaAs  as  compared  to  that  of  GaAs. 

2.2.2  Analysis  Techniques 

In  the  development  of  most  any  microelectronic  device  a  well  prepared 
characterization  procedure  must  follow  device  fabrication.  Given  a  set  of 
final  device  performance  parameters,  the  task  of  pinpointing  the  reasons  for 
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g.  2  Comparison  of  n-GaAs  on  (a)  S.I.  AIGaAs  and  (b)  S.I.  GaAs 
under  conditions  of  static  reverse  bias. 
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. i es  or  poor  performance  can  be  tedious  if  not  impossible.  There  are 
several  analytical  tools  and  techniques  available  which  allow  the  independent 
measurement  of  most  factors  which  together  determine  the  final  performance  of 
GaAs  field  effect  transistors. 

The  high  frequency  equivalent  circuit  of  an  FET  is  shown  in  Fig.  3. 
Also  shown  is  the  geometric  region  responsible  for  each  element  of  the  equiva¬ 
lent  circuit.  The  principal  elements  of  interest  are  the  ohmic  contact  resis¬ 
tance,  the  gate  resistance,  the  modulated  and  unmodulated  channel  resistances, 
and  the  depletion  capacitance.  Directly  and  indirectly  these  elements  give 
rise  to  determinations  of  device  noise  and  gain,  transconductance,  device 
pinchoff,  drift  mobility,  and  other  parameters. 

2. 2. 2.1  DC  Analysis 

The  effect  of  ohmic  contact  resistance  on  the  performance  of  FETs  is 
well  documented.9  Ohmic  contacts  play  a  significant  role  in  FET  noise  perfor¬ 
mance  and  gain. 

Contact  resistance  is  then  one  of  the  most  obvious  and  important 
parameters  to  keep  track  of  in  the  fabrication  of  FET  devices.  Resistances 
for  contacts  on  thin  conductive  layers  can  be  measured  by  a  var’jble  gap 
method.^  As  shown  in  Fig.  4  the  contact  resistance  is  determined  by  measur¬ 
ing  the  resistance  between  a  series  of  adjacent  ohmic  contact  pads.  These 
resistances  are  then  plotted  with  respect  to  pad  separation  distance  and  the 
least  squares  fit  intercept  is  twice  the  effective  contact  resistance.  The 
geometry  independent  effective  contact  resistance  for  planar  structures,  in 
units  of  n-mm,  is  then  obtained  by  multiplying  the  intercept  resistance  by  the 
pad  width  in  millimeters. 

Desirable  information  concerning  the  active  layer  can  be  obtained 
from  measurements  of  depletion  capacitance  vs.  voltage  and  transconductance 
vs.  voltage.  These  measurements,  performed  on  a  long  gate  FET,  provide  free 
carrier  concentration  profiles  and  drift  mobility  profiles.  The  Importance  of 
C-V  and  N-D  profiles  has  been  previously  shown. As  far  as  mobility  is 
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h-frequency  equivalent  circuit  of  an  FET. 
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Fig.  4  Ohmic  contact  resistance  measurement. 
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erned,  although  the  average  Hall  mobility  is  a  figure  of  merit  for  active 
ayers  and  can  pinpoint  some  processing  induced  problem,  it  does  not  bear  a 
strong  relationship  to  the  operational  properties  of  a  FET.  On  the  other  hand 
drift  mobility  is  a  much  more  meaningful  parameter  in  analyzing  device  perfor¬ 
mance. 


The  drift  mobility  in  the  linear  region  of  a  FET  is  given  by 


%  Lg 

Cg  vd 


(1  -  R_  G  .  ) 
p  ch 


-2 


(1) 


where  Lq  is  the  gate  length  of  a  long  gate  FET  and  VQ  is  the  drain  bias.  The 
quantity  in  the  brackets  is  a  correction  factor  important  near  zero  gate 
bias.  Ohmic  contact  resistance  and  the  sheet  resistance  of  the  active  layer 
between  the  gate-drain  and  gate-source  region  is  given  as  Rp.  This  value  can 
be  determined  from  ohmic  contact  resistance  data.  The  channel  conductance 
(Gch),  transconductance  (gm),  and  depletion  capacitance  (Cg)  can  all  be  mea¬ 
sured  by  phase  sensitive  detection  techniques.  Shown  in  Fig.  5  is  a  block 
diagram  of  the  instrumentation  and  circuitry.  Appropriate  switching  of  the 
sources  and  terminations  provides  the  capability  of  direct  measurement  of 
equivalent  parallel  capacitance  and  conductance.  This  technique  measures  di f 
ferential  rather  than  static  parameters.  That  is. 


C 


_  dQ 
'  dv 


and  G  =  W 


(2) 


with  the  assumption  that  the  dependence  of  capacitance  and  conductance  on 
voltage  is  only  slowly  varying. 

It  is  known  that  if  a  function  and  its  derivatives  are  regular  in 
some  continuous  region  of  ordinary  points,  that  function  can  be  written  as  a 
Taylor  series  expanded  about  a  point  in  that  region.  Specifically,  the  con¬ 
siderations  are  the  cases  of  charge  on  a  capacitor  and  current  in  a  conductor 
as  functions  of  the  voltage  applied  across  those  elements.  The  voltage  V  is 
the  sum  of  a  constant  or  slowly  varying  part  and  the  series  of  a  time  varying 
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TEST  SET  FOR  MEASUREMENT  OF  FET  ADMITTANCE 


Fig.  5  Test  set  for  measurement  of  FET  admittance. 
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soidal  and  harmonics  with  possible  phase  shifts. 


v  =  v.  +  v  sin  wt  +  v,  sin  (2wt  +  n)  + 

O  a)  £w 


(3) 


By  expressing  Q  in  terms  of  the  common  Taylor  series. 


Q  =  Q(vq)  +  av 


37 


4<av)2£| 

dv^ 


(4) 


and  acknowledging  that  av  represents  the  time  varying  terms  in  the  given  volt¬ 
age  the  result  is, 


Q  =  Q(vJ  +  v  sin(wt) 


dQ 

37 


vw  v0  .2n 

+  cos  ( wt  +  e) 

vo  dv^ 


+  \>2u  sin(2u>t  +  n) 


dQ 

W 


V(i) 


cos(2wt) 


d2Q 

d7 


+  ... 


(5) 


closer  inspection  reveals  that  with  proper  signal  purity  Eq.  (5)  is  directly 
proportional  to  differential  capacitance  at  the  signal  frequency.  The  time 
derivative  of  this  equation  gives  rise  to  the  displacement  current  associated 
with  a  capacitor.  That  is. 


i  -  wv  cos  wt  C 
w  w  v  _ 


(6) 


For  the  analysis  of  channel  conductance,  at  any  given  gate  voltage 


i  =  H«0)  *  »v 


di 

37 


+  ... 


(7) 


V  VG 


Here  the  drain  current  is  given  as  i  and  the  drain  voltage  has  a  constant  part 
vQ  and  a  time  varying  part  av.  The  drain  current  at  the  signal  frequency  is 
given  by 
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Id 


v  slnUt) 
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chiv0,VG 


(8) 


In  this  measurement  v0  is  normally  zero  or  held  fixed  and  vg  slowly  varies. 

Transconductance  is  analyzed  similarly  such  that  for  any  given  drain 
voltage  v0. 


i  =  i(vo) 


vn+  AV  ivvlv 


G  o,  D 


(9) 


In  this  case  the  drain  current  i  is  evaluated  from  the  series  with  the  gate 
voltage  assuming  a  constant  or  slowing  varying  part  vQ  and  a  time  varying  sin 
usoidal  part  av.  The  drain  voltage  vd  is  normally  held  constant  at  a  small 
value  placing  the  transistor  in  the  linear  region.  The  drain  current  at  the 
signal  frequency  is  given  by 


2.Z.Z.Z  RF  Analysis 

The  most  Important  performance  parameters  of  low-noise  transistors 
are  the  minimum  noise  figure  and  the  associated  gain.  Accordingly,  strong 
emphasis  has  been  placed  on  developing  low-loss  test  circuits  with  wide  tuning 
flexibility  and  on  refining  the  test  procedures.  The  test  set  developed  for 
this  purpose  is  shown  in  Fig.  6.  A  broad-band  coaxial  switch  (1)  is  used  to 
apply  a  low  level  signal  for  measuring  gain  or  the  output  of  a  modulated  noise 
source  for  determining  the  noise  figure.  A  circulator  (2)  is  Inserted  in 
front  of  the  test  circuit  to  prevent  VSWR  variations  between  the  hot  and  cold 
states  of  the  noise  source  from  Interfering  with  the  noise  measurement.  A 
crystal  detector  terminates  the  third  port  of  the  circulator  to  facilitate 
Input  tuning  for  obtaining  maximum  gain.  The  input  tuner  is  adjusted  for 
minimum  reading  on  the  automatic  noise-figure  indicator  In  establishing  the 
minimum  noise  figure,  while  the  output  Is  tuned  for  maximum  gain  reading  on 
the  output-power  meter.  A  high-gain  low-noise  amplifier  (3)  is  employed  to 
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minimize  the  noise  contribution  of  the  measurement  system.  Uncertainties  due 
to  gain  variations  vs.  frequency  are  eliminated  by  inserting  a  bandpass  filter 
(4)  in  front  of  the  mixer  (5)  which  passes  the  signal  frequency  and  provides 
greater  than  40-dB  rejection  of  the  image  frequency.  A  calibrated  precision 
IF  attenuator  is  inserted  in  front  of  the  noise-figure  indicator  to  permit 
noise  measurements  by  the  Y-factor  method.  This  option  serves  to  eliminate 
errors  associated  with  nonlinearities  and  inaccurate  tracking  in  the  noise- 
figure  indicator. 

Three  differennt  low  noise  front  ends  (3,4,5)  can  be  used  to  cover 
the  frequency  range  from  4  to  15  GHz.  The  resulting  system  noise,  referred  to 
the  device  under  test,  is  about  3  dB  in  the  lower  part  of  the  frequency  range 
and  increases  to  about  4.5  dB  in  the  upper  part.  A  test  fixture  covering  4  to 
10  GHz  has  been  designed  for  evaluating  packaged  transistors  and  it  has  been 
possible  to  keep  the  circuit  losses  in  the  range  of  0.4  to  0.8  dB  by  integrat¬ 
ing  the  tuners  with  the  test  fixture. 
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3 . 1  Material  Result 

The  major  experiments  and  materials  results  are  summarized  in 

Table  2. 

3.1.1  Sn  Predeposition  for  Doping  Profile  Tailoring 

With  the  use  of  Sn  to  obtain  higher  n-type  GaAs  mobilities  arose  the 

necessity  to  use  Sn  predeposition  to  tailor  the  doping  profile.  A  number  of 

experiments  were  conducted  to  determine  the  appropriate  Sn  flux,  predeposition 

time,  and  substrate  temperature  to  arrive  at  an  appropriate  profile.  Figure  7 

shows  a  C-V  profile  of  two  layers  grown  under  similar  conditions,  one  with  Sn 

predeposition  and  one  without.  Without  Sn  predeposition,  over  2000A  of  GaAs 

1  1 

growth  occurred  before  10  concentration  doping  was  achieved. 

3.1.2  Deep  Levels  in  AIGaAs 

The  problem  of  producing  high  purity  AIGaAs  with  a  low  density  of 
deep  levels  is  difficult  and  has  apparently  now  been  solved  satisfactorily. 
Doping  experiments  conducted  with  n-type  AIGaAs  indicated  that  compensating 
acceptors  are  present.  Whether  these  are  due  to  impurities  or  native  defects 
remains  a  topic  of  considerable  discussion  among  III-V  materials  people. 

During  the  course  of  this  project,  our  AIGaAs  quality  has  increased  from 
material  which  could  not  be  doped  n-type  with  less  than  10^/cm^  donors  (for 
10*  Al),  to  material  exhibiting  mobilities  within  30%  of  the  best  n-type 
Al0  jGaQ  -jbs  mobilities  reported  in  the  literature.  There  obviously  Is  room 
for  further  improvement;  however,  it  is  not  known  to  what  extent  the  remaining 
compensating  acceptors  and/or  deep  levels  affect  the  performance  of  the  AIGaAs 
buffer  devices.  Our  early  measurements  made  with  photoinduced  transient  spec¬ 
troscopy  indicated  a  nearly  continuous  spectrum  of  traps  in  MBE  AIGaAs,  which 
is  shown  in  Fig.  8.  Most  improvements  in  our  AIGaAs  material  have  occurred 
since  this  time,  so  the  significance  of  these  early  results  is  questionable. 
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Table  2 

Summary  of  Material  Results 


Growth  Nos. 

Experiment 

Result  Summary 

106,  108,  110-114, 
199B ,  137,  138 

GaAs,  AlGaAs  p,  p 

GaAs  background  ~1  *  10*G 
n-type  AlGaAs  (undoped) 
high  p  SI. 

208-213,  261,  262 

Ge-doped  active  layer 
growth  in  H2 

Difficult  to  achieve  appro¬ 
priate  doping  and  mobility 
with  Ge.  No  noticeable  GaAs 
mobility  improvement  or  change 
in  AlGaAs  Properties 

261,  262 

Growth  of  AlGaAs 

High  p  AlGaAs,  no  noticeable 
difference  from  material  w/o 

O2  background 

283-287 

Sn  predeposition,  O2 
background  vs  no  0? 
for  AlGaAs 

Achieved  suitable  Sn  profiles 
with  predeposition;  no  notice¬ 
able  effect  due  to  02  back¬ 
ground  during  AlGaAs  growth 

302,  303,  319 

MIS  structures  using 

Al0,5Ga0s15As’  A1As 
(oxidized) 

C-V  showed  large  amount  of 
leakage  properties 

342,  343,  351-360, 
389 

Optimization  of  active 
thickness  and  doping 
using  Sn  predeposition 

Achieved  suitable  profile,  but 
electrically  active  layer  depth 
(by  C-V  profiling)  less  than 
metallurgical  layer  thickness. 

Variation  of  substrate 
temperature  of 

A10.5Gao.l5As  buffer 
growth 

No  changes  noticed 

421-424 

Attempt  to  use  best 
conditions,  no  under¬ 
lying  GaAs  buffer  to 
reduce  output  shunt 

! 
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C-V  PROFILE  OF  Sn  PRE-DEPOSITION 


TSnB  "  580°C 


10  min.  Sn 
PREDEP  (424) 


No  Sn  PREDEP.  (389)- 


AIGaAs 
0.5  0.5- 


DISTANCE  (pm) 


Fig.  7  C-V  profile  of  Sn  predeposition. 
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Many  fewer  traps  are  expected  as  evidenced  from  the  n-type  doping  experiments 
mentioned  above. 

This  project  has  pointed  out  a  number  of  areas  for  further  Investiga¬ 
tion.  From  a  materials  standpoint,  the  major  unresolved  question  is  related 
to  the  transport  of  majority  carriers  near  the  GaAs-AlGaAs  heterojunction. 
Several  layers  yielded  GaAs  material  with  a  thickness,  deduced  from  C-V  mea¬ 
surements,  that  were  considerably  less  than  the  as-grown  metallurgical  thick¬ 
ness.  For  growths  using  Sn  as  the  n-type  dopant,  most  of  these  difficulties 
occurred  due  to  the  well-known  surface  segregation  effects.  The  predeposition 
of  Sn  on  the  AlGaAs  buffer  (covered  by  50 A  of  GaAs)  before  growth  of  the  GaAs 
was  used  to  overcome  this  effect,  which  normally  would  leave  a  very  lightly 
doped  region  at  the  interface.  The  amount  of  Sn  needed  to  accomplish  this, 
however,  was  more  than  expected  based  on  calculations  and  experience  with 
GaAs-GaAs  interfaces.  Additionally,  even  with  Ge,  which  produces  abrupt 
doping  profiles,  the  thickness  of  the  doped  layer  was  found  to  be  less  than 
the  thickness  of  the  GaAs  grown  (see  Fig.  9).  Although  it  is  possible  that 
variations  in  As/Ga  flux  ratios  or  substrate  temperature  could  have  produced 
this  type  of  effect  occassionally,  the  regularity  with  which  it  was  observed 
suggests  less  trivial  causes.  For  future  experiments,  Si  would  be  a  preferred 
type  dopant. 

In  the  period  since  the  experimental  portion  of  this  project  was  con¬ 
sidered  and  the  writing  of  this  report,  considerable  effort  has  been  expended 
at  our  laboratory  and  elsewhere  in  understanding  A1 GaAs-GaAs  heterojunctions 
and  the  effect  of  AlGaAs  material  properties  on  these  heterojunctions. 

Several  points  pertinent  to  this  project  are  worth  mentioning.  In  the  growth 
of  high  mobility  structures,  in  which  doped  AlGaAs  is  grown  over  undoped  GaAs, 
high  mobilities  are  achieved,  whereas  for  the  opposite  growth  direction, 
achieving  high  mobilities  is  much  more  difficult.*"*  There  has  been  consider¬ 
able  speculation  (unpublished)  over  the  possibility  of  diffusion  of  something 
out  of  the  AlGaAs  Into  the  GaAs  grown  over  it,  or  of  the  role  of  Interface 
roughening  at  the  GaAs- AlGaAs  interface.  Substrate  temperature  appears  to 
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Fig.  9  Comparison  of  free  carrier  concentration  and  metallur¬ 
gical  thickness  for  MBE  GaAs. 
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play  a  very  large  role  in  determining  the  suitability  of  AlGaAs  for  various 
device  applications.  Investigation  of  the  effect  of  substrate  temperature  on 
channel  mobility,  especially  near  pinchoff,  would  be  a  suitable  topic  for 
further  Investigation.  It  should  be  pointed  out  that  the  question  of  growth 
direction-dependent  properties  of  AlGaAs-GaAs  heterojunctions14  and  high 
mobility  structures  has  not  been  resolved,  and  bears  directly  on  the  AlGaAs 
buffer  FET  design. 

The  role  of  impurities  or  undesired  electronic  deep  levels  in  the 
AlGaAs  buffer  also  deserves  a  more  detailed  theoretical  and  experimental 
investigation.  At  high  source-drain  bias,  hot  carriers  may  be  injected  into 
the  AlGaAs  buffer  layer.  Trapping  effects  with  long  lifetimes  have  been 
observed  in  these  buffers,  and  are  undoubtedly  related  to  impurity-produced 
deep  levels. 


3.1.3  MIS  Structures  by  MBE 

Several  attempts  to  produce  MIS  structures  by  MBE  have  been  made. 
These  experiments  consisted  of  growing  n-type  GaAs  covered  with  either  semi- 
insulating  02-doped  AlGaAs  or  oxidized  AlAs.1^  C-V  profiling  was  done  at 
several  frequencies  to  determine  whether  inversion  of  the  GaAs  at  the  insu¬ 
lator  interface  could  be  achieved.  In  neither  case  was  inversion  achieved. 
Deep  depletion  resulted,  accompanied  by  trapping  of  Injected  carriers  and 
photocapacitive  effects  which  lead  to  hysteresis  in  C-V  characteristics. 

The  most  successful  MIS  test  structure  grown  by  MBE  was  MBA-319  which 
consists  of  a  GaAs  n+  substrate,  1  n-type  (5  x  1016)  GaAs  buffer  layer, 

500A  of  undoped  AlxGa^_xAs  graded  from  x  =  0.5  to  x  =  1.0,  and  a  layer  of 
AlAs.  The  AlAs  layer  was  masked  by  moving  a  shutter  across  the  face  of  the 
wafer  at  a  linear  rate.  This  gave  an  AlAs  layer  thickness  that  ranged  from 
0.05  pm  at  one  end  of  the  wafer  to  0.5  urn  at  the  other  end. 

Following  growth,  the  wafer  was  rapidly  transferred  at  400°C  to  the 
MBE  chamber  airlock.  Pure,  dry  02  was  admitted  to  the  airlock  at  a  pressure 
of  about  133  Pa  (1  torr)  to  oxidize  the  AlAs  layer.  The  wafer  and  holder  we>-e 
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allowed  to  cool  from  400°C  in  the  C^.  The  wafer  surface  was  smooth  and 
specular,  with  no  Indication  of  bubbling  or  cracking.  The  wafer  was  then 
removed  to  a  separate  evaporator  where  25  ym  diameter  Au  dots  0.2  ym  thick 
were  deposited  through  a  shadow  mask.  The  In  metal  by  which  the  wafer  was 
attached  to  the  MBE  substrate  holder  served  as  an  ohmic  back  contact.  A 
schematic  diagram  of  the  resulting  structure  is  shown  in  Fig.  10. 

Several  measurements  were  made  on  this  structure.  Capacitance 
measurements  were  made  as  a  function  of  applied  bias  (C-V)  at  1  MHz,  100  kHz, 
and  10  kHz,  with  and  without  illumination  with  white  light.  Conductance  was 
also  measured  as  a  function  of  applied  bias  (G-V)  at  10  kHz  and  100  kHz. 
Breakdown  voltages  were  also  measured  at  several  points  on  the  wafer. 

Breakdown  voltages  in  forward  bias  (GaAs  in  accumulation)  ranged  from 
about  7  V  to  23  V,  for  oxidized  AlAs  layer  thicknesses  ranging  from  850A  to 
4000 A.  This  corresponds  to  an  average  electric  field  at  breakdown  of  5.7  to 
8.2  x  105  V/ cm. 

Capacitance-voltage  curves  taken  in  the  dark  at  1  MHz  and  10  kHz  are 
shown  in  Fig.  11.  There  is  relatively  little  difference  in  the  curves  for  the 
two  frequencies  between  accumulation  and  deep  depletion,  which  indicates  that 
few  traps  or  interface  states  are  present  which  respond  with  time  constants 
characterized  by  this  frequency  range.  We  do  not  understand  the  origin  of  the 
increase  in  capacitance  with  forward  bias  past  flatband  (accumulation), 
although  similar  phenomena  have  been  reported  with  02'doped  AlGaAs  MBE  semi- 
insulating  layers.16 

The  shape  of  the  C-V  curve,  as  seen  in  Fig.  11,  indicates  that  inver¬ 
sion  has  not  been  achieved  in  the  GaAs.  Inversion,  at  the  measurement  fre¬ 
quencies  used  here,  would  lead  to  a  C-V  curve  shown  by  the  dotted  line  in 
Fig.  11.  The  leveling  off  of  capacitance  in  deep  depletion  (-20  V  bias)  seen 
In  Fig.  11  is  due  to  variation  in  layer  doping  at  the  buffer-substrate 
interface. 
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.  10  Schematic  of  MIS  structure. 
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Lack  of  inversion  in  these  structures  could  be  caused  by  leakage  of 
holes  into  and  across  the  AlGaAs  and  AlAs(O)  barrier.  This  has  been  suggested 
to  be  the  cause  of  very  similar  C-V  curves  seen  with  02-doped  AlGaAs  barrier 
MIS  structures  made  by  MBE.*®  Very  high  generation/recombination  rates  caused 
by  interface  states  at  either  the  GaAs-AlGaAs  or  AlGaAs-Al As ( 0 )  interfaces 
could  also  pin  the  Fermi  level  and  prevent  inversion. 

When  these  layers  are  exposed  to  light,  differences  between  1  MHz  and 
10  kHz  C-V  curves  become  more  pronounced,  as  seen  in  Fig.  12.  Structure  also 
appears  in  the  10  kHz  C-V  curve  and  in  the  G-V  curves  at  100  kHz  and  10  kHz. 
The  flatband  voltage  also  shifts  for  both  curves.  The  incident  light  is 
therefore  changing  the  population  of  traps  or  interface  states  which  communi¬ 
cate  rapidly  with  free  carriers  in  the  GaAs.  The  centering  of  the  conductance 
spike  near  the  flatband  bias  suggests  it  is  associated  with  the  AlGaAs  region, 
although  it  has  yet  not  been  determined  whether  GaAs/AlGaAs  interface  states, 
bulk  AlGaAs  traps,  or  AlGaAs/AlAs(0)  interface  states  are  involved. 

Several  conclusions  may  be  reached  from  these  initial  experiments. 
First,  in  situ  oxidation  of  AlAs  is  capable  of  producing  smooth,  tightly 
adherent  insulating  layers  with  good  breakdown  strength.  C-V  curves  show 
accumulation  and  deep  depletion,  although  inversion  is  not  achieved.  The 
frequency  dependence  of  the  C-V  and  G-V  curves  indicates  that  the  number  of 
Interface  states  is  probably  small,  although  more  detailed  measurements  will 
be  needed  to  determine  numerical  values.  It  is  not  known  at  this  point 
whether  lack  of  inversion  is  due  to  the  GaAs-AlGaAs  interface,  AlGaAs 
material,  or  AlGaAs-Al As ( 0 )  interface,  or  perhaps  to  some  as  yet  unidentified 
mechanism. 


3.2  Device  Results  and  Performance 

3.2.1  Device  Fabrication 

For  this  project,  device  fabrication  followed  an  established  low 
noise  FET  processing  procedure  incorporating  contact  printing  mask  alignment 
with  changes  to  accommodate  the  heterojunction  layers.  Briefly,  the  process 
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Fig.  12  C-V,  G-V  of  MIS  structure  (light). 
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utilizes  mesa  isolation  of  the  active  areas.  Experiments  were  conducted  with 
the  heterostructure  layers  where  the  isolation  etch  stopped  at  the  AlGaAs 
buffer  layer  and  also  where  the  isolation  etch  proceeded  clear  to  the  semi- 
insulating  GaAs  substrate.  On  comparison,  there  has  been  no  experimental 
evidence  of  a  difference  in  device  performance.  A  5%  solution  of  sodium 
hypochlorite  (NaOCl)  followed  by  a  20:1  solution  of  i^C^NH^OH  was  used  as  the 
stop  etch  whereas  a  10:1:1  solution  of  was  used  as  the  standard 

isolation  etch.  The  ohmic  contact  system  (for  the  source  and  drain)  is  an 
Au-Ge  layer  of  eutectic  composition  covered  with  a  thin  layer  of  Pt  which  is 
alloyed  at  450°C.  The  Schottky  barrier  gate  metallization  system  is  a 
Ti/Pt/Au  combination  having  a  total  thickness  of  approximately  0.5  ym.  The 
device  layout  exhibits  a  nominal  gate  length  of  1  urn  and  a  gate  width  of 
300  ym  within  a  source  to  drain  spacing  of  3.5  ym.  Figure  13  is  a  micrograph 
of  the  transistors  and  in  Fig.  14  the  test  circuitry.  Included  in  the  pro¬ 
cessing  were  control  slices  of  both  ion  implanted  and  vapor  phase  epitaxy 
layers  of  GaAs.  This  maintained  verification  that  the  fabrication  process 
could  produce  high  performance  devices. 

Of  the  slices  mentioned  in  Table  1,  several  were  specifically  grown 
for  device  fabrication.  These  followed  design  rules  recommended  by  computer 
analysis.  Twenty-five  slices  were  processed  in  all.  Initially,  the  problems 
confronted  were  wafer  flatness  and  removal  of  an  indium  residue  used  in  a 
substrate  attachment  scheme  for  MBE  layer  growth.  The  flatness  problem  was 
eliminated  by  proper  substrate  selection  and  the  growth  process  did  not 
subsequently  alter  the  initial  condition.  Removal  of  the  indium  in  the  first 
few  slices  was  accomplished  by  etching  in  warm  HC1  with  the  wafer  surface 
protected  with  photoresist.  The  wafer  surface  was  sufficiently  protected  but 
the  substrate  backside  was  badly  pitted  and  very  thin  in  places  due  to  irregu¬ 
lar  etching.  As  a  result  of  this  procedure  the  wafers  were  subject  to  break¬ 
age  and  alignment  difficulties  were  increased  by  not  being  able  to  hold  the 
wafers  with  chuck  vacuum.  The  final  solution  was  found  by  wet  lapping  with  a 
silicon  carbide  abrasive  to  a  final  wafer  thickness  of  approximately  twelve 
mils.  This  thinning,  about  eight  mils,  removed  virtually  all  of  the  residue. 
The  final  slices  presented  very  few  problems  for  standard  processing. 
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Fig.  14  Characterization  test  pattern. 
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All  of  the  MBE  slices,  after  processing,  suffered  from  a  very  low 
frequency  or  long  time  constant  (500  msec  to  3  sec)  fluctuation  in  drain 
current  and  transconductance  as  shown  in  Fig.  15.  This  was  observed  in  low 
frequency  (curve  tracer,  lock-in  measurements  as  well  as  strictly  d.c.  mea¬ 
surements.  Compensation  circuitry  was  used  to  prevent  obvious  oscillation  but 
this  type  of  effort  did  not  alter  the  current  fluctuation.  The  aperiodic 
fluctuations  displayed  20%  to  40%  changes  in  current  and  even  larger  changes 
in  transconductance. 


The  fabrication  process  produced  exceptional  ohmic  contacts  on  most 
of  the  layers.  This  is  shown  in  Fig.  16.  Here  the  effective  contact  resis¬ 
tance  as  discussed  earlier  is  determined  to  be  0.5  Q-mm.  This  calculation 
uses  the  75  um  width  of  the  ohmic  contact  test  pattern.  The  error  bars  simply 
show  the  different  sheet  resistivities  of  the  several  layers,  yet  all  have 
nearly  the  same  ohmic  contact  resistance.  This  sheet  resistance  Is  found  by 
multiplying  the  slope  in  Fig.  16  by  the  test  pattern  width.  The  results 
indicate  sheet  resistances  of  approximately  675  ohms  per  square.  This  value 
is  commensurate  with  that  expected  and  necessary  for  the  device  goals. 

Measurements  of  drift  mobility  were  quite  successful  on  the  ion- 
implanted  and  vapor  phase  epitaxy  devices.  The  unstable  nature  of  the  MBE 
devices,  as  previously  mentioned,  prevented  detail  analysis  of  such  things  as 
drift  mobility,  although  this  parameter  can  be  approximated  from  curve  tracer 
data.  Figure  17  shows  data  as  recorded  from  the  test  setup  shown  in  Fig.  18. 
In  this  figure  an  ion-implanted  device  was  analyzed;  note  its  close  agreement 
with  the  Hall  mobility,  but  more  importantly,  note  the  Increase  in  mobility 
toward  the  semi -insulating  region  of  the  structure.  These  measurements  must 
be  done  in  the  linear  region  of  a  FET  and  care  must  be  taken  not  to  overdrive 
the  device.  In  our  experiments  the  small  signal  drive  was  10  mV  rms  and  the 
drain  bias  was  50  mV. 
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Fig.  15  I-V  of  MBE  heterostructure  FET  showing 
drain  current  and  transconductance 
fluctuation. 
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Fig.  16  Ohmic  contact  resistance  of  MBE  GaAs  on  AlGaAs. 
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Fig.  17  Drift  mobility  test  set  data. 
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Fig.  18  Drift  mobility  of  an  ion-implanted  layer. 
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Vapor-phase  epitaxy  and  ion  Implanted  devices  measured  at  6.2  GHz 
have  produced  noise  figure/associated  gain  values  of  1.75  dB/10.0  dB.  The 
initial  measurements  of  the  MBE  heterostructure  devices  produced  only 
5.2  JP/2.0  dB  on  several  devices.  At  first  study  these  results  were  thought 
to  be  due  primarily  to  a  high  output  conductance  or  very  low  gain  in  spite  of 
the  transient  or  fluctuating  nature  of  the  basic  device  current.  This  high 
output  conductance  was  traced  to  an  initial  deposition  of  GaAs  on  the  sub¬ 
strate  before  the  AlGaAs  and  subsequent  active  layer  of  GaAs  (see  Table  1, 
layer  283  to  289).  Removal  of  this  growth  step  Indeed  produced  much  harder 
saturation  as  shown  by  curve  tracer  analysis  in  Fig.  19  but  the  aperiodic 
fluctuation  of  the  current  continued  as  well  as  the  poor  performance  at  high 
frequency. 
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Fig.  19  I-V  comparison  of  MBE  layers. 
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At  the  present  stage  of  evaluation,  AlGaAs  buffer  layers  grown  by 
molecular  beam  epitaxy  have  shown  some  superior  properties  over  those  produced 
by  LPE  or  VPE  methods.  Although  this  has  been  shown,  the  fabrication  of  a 
high  performance  heterostructure  device  has  experienced  severe  difficulty. 
Techniques  have  been  developed  to  successfully  produce  devices  of  at  least  the 
correct  d.c.  specifications  but  the  electrical  performance  is  constrained  by 
an  effect  which  causes  current  and  transconductance  fluctuations. 

The  advantage  attributed  to  current  confinement  by  an  AlGaAs/GaAs 
heterostructure  may  suffer  from  traps  at  the  interface  whose  most  serious 
effect  occurs  near  full  depletion.  This  counteracts  precisely  the  device  con- 
diton  of  optimum  noise  performace  for  small  signal  FETs.  As  was  discussed  in 
Section  2  the  actual  confinement  due  to  the  heterostructure  is  comparable  to 
that  of  a  GaAs/GaAs  homo structure.  Although  the  hard  potential  barrier  may 
prevent  penetration  of  carriers  into  the  buffer  layer  for  the  heterostructure, 
the  homostructure  has  fabrication  quality  advantages.  It  must  be  noted  that 
other  structures  utilizing  the  band  discontinuity  of  AlGaAs  to  GaAs  (super¬ 
lattice,  modulation  doping)  has  quite  obvious  performance  advantages  over  the 
established  homostructure  of  GaAs  active  layer  to  GaAs  buffer  layer  devices. 

Recent  work  in  MBE  growth  of  AlGaAs  suggests  that  the  effect  of  lower 
substrate  temperatures  during  growth  needs  further  investigation.  This 
parameter  may  play  a  major  role  in  the  device  fluctuation  behavior  observed  in 
this  program. 
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